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Abstract 

The development of supergravity unified models and their implica- 
tions for current and future experiment are discussed. 



1. Introduction 

Supersymmetry (SUSY) was initially introduced as a global symmctryB on 
purely theoretical grounds that nature should be symmetric between bosons 
and fermions. It was soon discovered, however, that models of this type had 
a number of remarkable properties □. Thus the bose-fermi symmetry led to 
the cancellation of a number of the infinities of conventional field theories, in 
particular the quadratic divergences in the scalar Higgs sector of the Stan- 
dard Model (SM). Thus SUSY could resolve the gauge hierarchy problem that 
plagued the SM. Further, the hierarchy problem associated with grand unified 
models (GlIT)0, where without SUSY, loop corrections gave all particles GUT 
size massesa was also resolved. In addition, SUSY GUT models with minimal 
particle spectrum raised the value for the scale of grand urrification, Mq, to 
Mq = 2 x 10 16 GeV, so that the predicted proton decay ratetttl was consistent 
with existing experimental bounds. Thus in spite of the lack of any direct 
experimental evidence for the existence of SUSY particles, supersymmetry be- 
came a highly active field among particle theorists. 

However, by about 1980, it became apparent that global supersymmetry 
was unsatisfactory in that a phenomenologically acceptable picture of spon- 
taneous breaking of supersymmetry did not exist. Thus the success of the 
SUSY grand unification program discussed above was in a sense spurious in 
that the needed SUSY threshold Ms (below which the SM held) could not be 
theoretically constructed. In order to get a phenomenologically viable model, 
one needed "soft breaking" masses (i.e. supersymmetry breaking terms of 
dimenison < 3 which maintain the gauge hierarchy 0) and these had to be 
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introduced in an ad hoc fashion by hand. In the minimal SUSY model, the 
MSSM 0, where the particle spectrum is just that of the supersymmeterized 
SM, one could introduce as many as 105 additional parameters (62 new masses 
and mixing angles and 43 new phases) leaving one with a theory with little 
predictive power. 

A resolution of the problem of how to break supersymmetry spontaneously 
was, achieved by promoting supersymmetry to a local symmetry i.e. supergrav- 
ityu. Here gravity is included into the d5paaniics. One can then construct su- 
pergravity [SUGRA] grand unified modelsll3'tll where the spontaneous breaking 
of supersymmetry occurs in a "hidden" sector via supergravity interactions in 
a fashion that maintains the gauge hierarchy. In such theories there remains, 
however, the question of at what scale does supersymmetry break, and what is 
the "messenger" that communicates this breaking from the hidden to the phys- 
ical sector. In this chapter we consider models where suaereynimetry breaks 
at a scale Q > Mq with gravity being the messenger 113. Such models are 
economical in that both the messenger field and the agency of supersymmetry 
breaking are supersymmetrized versions of fields and interactions that already 
exist in nature (i.e. gravity). In addition, models of this type may turn out to 
be consequences of string theory. 

The strongest direct evidence supporting supergravity GUT models is the 
apparent experimental grand unification of the three gauge coupling constants 
E3. This result is non-trivial not only because three lines do not ordinarily in- 
tersect at one point, but also because there is only a narrow acceptable window 
for Mg- Thus one requires Mq * 5x 10 15 GeV so as not to violate current ex- 
perimental bounds on proton decay for the p — > e + + tt° channel (which occurs 
in almost all GUT models) and one requires Mq ~ 5 x 10 17 GeV = M str ing 
(the string scale) so that gravitational effects do not become large invalidating 
the analysis. Further, assuming an MSSM type of particle spectrum between 
the electroweak scale Mz and Mq, acceptable grand unification occurs only 
with one pair of Higgs doublets and at most four generations. Finally, natu- 
ralness requires that SUSY thresholds be at Ms ~ 1 TeV which turns out to 
be the case. Thus the possibility of grand unification is tightly constrained. 

At present, ^and unification in SUGRA GUTs can be obtained to within 
about 2-3 std. Ej'E_3 However, the closeness of Mq to the Planck scale, Mpi 
— {hcj%-KG N ) 1 l' 2 = 2.4 x 10 18 GeV, suggests the possibility that there are 
0(Mq/Mpi) corrections to these models. One might, in fact, expect such 
structures to arise in string theory as nonrenormalizable operators (NROs) 
obtained upon integrating out the tower of Planck mass states. Such terms 
would produce ~ 1% corrections at Mq which might grow to 5% corrections 
at Mz- Indeed, as will be seen in Sec. 2, it is just such NRO terms involving 



2 



the hidden sector fields that give rise to the soft breaking masses, and so 
it would not be surprising to find such structures in the physical sector as 
well. Thus SUGRA GUTs should be viewed as an effective theory and, as will 
be discussed in Sec. 4, with small deviations between theory and experiment 
perhaps opening a window to Planck scale physics. 

One of the fundamental aspects of the SM, not explained by that theory, is 
the origin of the spontaneous breaking of SU(2) x U(l). SUGRA GUTS offers 
an explanation of this due to the existence of soft SUSY breaking masses at 
Mq. Thus as long as at least one of the soft breaking topjs are present at Mq, 
breaking of SU(2) x U(l) can occur at a lower energy EHlES, providing a natural 
Higgs mechanism. Further, radiative breaking occurs at the electroweak scale 
provided the top quark is heavy ie. 100 GeV ~ mt ~ 200 GeV. The mini- 
mal SUGRA model 10 > 17_19 (MSGM), which assumes universal soft breaking 
terms, requires only four additional parameters and one sign to describe all 
the interactions and masses of the 32 SUSY particles. Thus the MSGM is a 
reasonably predictive model, and for that reason is the model used in much of 
the phenomenological analysis of the past decade. However, we will see in Sec. 
2 that there are reasons to consider non-universal extensions of the MSGM, 
and discuss some of the experimental consequences they produce in Sec. 4. 

2. Soft Breaking Masses 

Supergravity interactions with chiral matter fields, {xi{x), 4>i(x)} (where 
Xi {x) are left (L) Weyl spinors and (x) are complex scalar fields) depend upon 
three functions of the scalar fields: the superpotential W(<pi), the gauge kinetic 
function fup{4>ii <Pi) (which enters in the Lagrangian as fapF^F^P with a, f3 
— gauge indices) and the Kahlcr potential K{4>i,<j)\) (which appears in the 
scalar kinetic energy as Kjd^id^cf)], K) ee d 2 K 2 /d(t>id<j>] and elsewhere). W 
and K enter only in the combination 

G(<p u 4) = K 2 K(^,<f>+) + £ti[k 6 | Wfa) | 2 ] (1) 

where K = \jMpi. Writing {&} = {</> a ,z} where </> a are physical sector 
fields (squarks, sleptons, higgs) and z are the hidden sector fields whose VEVs 
(z) = O(Mpe) break supersymmetry, one assumes that the superpotential 
decomposes into a physical and a hidden part, 

W(4>i) = W phy {4> a ,Kz) + W hld {z) (2) 

Supersymmetry breaking is scaled by requiring n 2 Whid — 0(Ms)Whid( KZ ) an d 
the gauge hierarchy is then guaranteed by the additive nature of the terms in 
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Eq.(2). Thus only gravitational interactions remain to transmit SUSY breaking 
from the hidden sector to the physical sector. 

A priori, the functions W, K and f a p are arbitrary. However, they are 
greatly constrained by the conditions that the model correctly reduce to the 
SM at low energies, and that non-renormalizable corrections be scaled by k 
(as would be expected if they were the low energy residue of string physics of 
the Planck scale) . Thus one can expand these functions in polynomials of the 
physical fields 4>a 

fapifcAl) = c af3 + Kdl p (x,y)(f> a -\ (3) 

W phys {<t>i) = ^\ abc {x)4> a <t> b ^ c + ^K\ abcd {x)4> a M c 4> d + ■■■ (4) 

K{<Ih,4>\) = K~ 2 c{x 1 y) + c a b {x 1 y)(j> a 4>l + {c ab {x 1 y)cp a (j> b + h.c.) 

+ K(c% c ((> a <f>l<f>t + h.c.) + ■■■ (5) 
x=kz and y =kz< ', so that (x), (y) = O (1). The scaling hypothesis for the 

NRO's imply then that the VEVs of the coefficients c a/3 , c*p, \ abc , c, eg, c ab 
etc. are all 0(1). 

The holomorphic terms in K labeled by c ab can be transformed from K to 
W by a Kahler transformation, K — > K — (c ab (j> a <j>b + h.c.) and 

W -> Wexp[K 2 c ab cj> a <j> b } = W + fL ab 4> a ^b + ■■■ (6) 

where fi ab (x,y) — n 2 Wc ab . Hence (/i ab ) = 0(M.s), and one obtains a ^t-term 
with the right girder of magnitude after SUSY breaking provided only that 
c ab is not zero EI The cubic terms in W are just the Yukawa couplings with 
(X abc (x)) being the Yukawa coupling constants. Also {c a p) — 8 a p, (eg) = S c b l 
and (c xy ) = 1 (c x = dc/dx etc.) so that the field kinetic energies have canonical 
normalization. 

The breaking of SUSY in the hiddden sector leads to the generation of 
a series of soft breaking terms 10 . n : 17 - 21 . \y e consider here the case where 
(x) = (y) (i.e. the hidden sector SUSY breaking does not generate any CP 
violation) and state the leading terms. Gauginos gain a soft breaking mass 
term at Mq of {mi/ 2 ) a pX a l ^ (A Q = gaugino Majorana field) where 

(mi/iU = ^\G\K-%Ref a(i] ) mm (7) 
Here G l = dG/dfa, (K^ 1 )* is the matrix universe of Kj, f a pj = dfap/dftj and 
TO 3/2 is the gravitino mass: 7713/2 = n~ 1 (exp[G/2]). In terms of the expansion 
of Eqs.(3-5) one finds 

(mi/2) a p = [c + £n{W hld )} x Re c* a/3y m 3/2 (8) 
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and m.3/2 = (exp \c)n 2 Whid where it is understood from now on that x is 
to be replaced by its VEV in all functions (e.g. c(x)— > c{{x)) = 0(1)) so 
that 7713/2 = O(Ms)- One notes the following about Eq.(8): (i) For a simple 
GUT group, gauge invariance implies that c a p ~ 5 a p and so gaugino masses are 
universal at mass scales above Mq. (ii) While is scaled by m 3 / 2 = O(Ms), 
it can differ from it by a significant amount, (iii) From Eq.(8) one sees that it 
is the NRO such as Kzm 3 / 2 X a -f°A a that gives rise to m 1 / 2 . Below Mq, where 
the GUT group is broken, the second term of Eq.(3) would also contribute 
yielding a NRO of size Kd a a/3 (f> a m 3/2 A a 7°A /3 ~ (Ma/Mpt) m 3/2 A7°A B for 
fields with VEV (<fi a ) — O(Mq) which break the GUT group. Such terms give 
small corrections to the universality of the gaugino masses and effect grand 
unification. They are discussed in Sec. 4. 

The . effe ctive potential for the scalar components of chiral multiplets is 
given by 119123 



V = exp[n 2 K] [{K- 1 ){{W i + K 2 iTTU) (W j + K 2 K j W)^ 
- 3k 2 I W | 2 ] + V D 
where W l = dW/d<j>i etc., and 

where g a are the gauge coupling constants. Eqs.(2-6) then lead to the following 
soft breaking terms at Mq- 

+ \B ah <i>M + h.c. 



(9) 



(10) 



V sof t = {ml)t <t> a 4 + 



-A abc ^ 
3 s 



>a(Pb<Pc 



(11) 



In the following, we impose the condition that the cosmological constant vanish 
after SUSY breaking, i.e. (V) 
one finds for D-flat breaking 



after SUSY breaking, i.e. (V) = 0. [This is a fine tuning of 0(M 2 .M 2 e ).} Then 



(m 2 r b = [3(c a cx c c by -c a bxy )+6 a b ]ml /2 



A abc = ±Vs 



labc 

rib 



a idac 



(c a dx h 



c h dx h dac 



abd\ 



)} + K 



abc 



(±V3c x - l) M ab T V3(c a d 



dx^ 



db 



c dx^" 



ad ) ± yfiv* 



(12) 
m 3 / 2 (13) 

(14) 



where the sign ambiguity arises from the two roots of the equation (V) = 0. 
In Eqs. (12-14), h abc = (exp(^c)X abc ) are the Yukawa coupling constants and 
fi ab = (exp{\c) jl ab ) is the ^-parameter, h x bc = (exp(^c) d\ abc /dx) and \i a x 
(exp(^c)dfi ab I dx) . Since K is hermitian, c b (defined in Eq.(5)) obeys c b 

One notes the following about Eqs. (12-14): (i) The scalar soft breaking 
masses (toq)jJ are in general not universal unless the Kahler metric is flat, i.e. 



ib — 
Jo* 
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or more generally unless the fields z which break SUSY couple 
universally to the physical sector i.e. c£ = c(x,y)6%. (ii) A abc can contain a 
term, X^ bc which is not scaled by the Yukawa coupling constants h abc if X abc is 
a function of the z fields. This possibility may occur in string^theory, where the 
role of z is possibly played by the dilaton and moduli fieldsci. In the following 
we will neglect the A° hc term (and similarly the term in Eq.(14)). 

The soft breaking masses in Eqs. (12-14) depend upon two hermitian matri- 
ces c% x and eg and the parameter c x . The number of new SUSY parameters 
this implies depends upon the GUT group. We consider here the example of 
SU(5) supergravity GUT with R parity invariance. The superpotential is given 
by 

W phys = /ig } Mf y M xj H 1Y + Uife XYZWU M^ Y Mf w H^ 

+ fiHiHix + WcuT (15) 
where X,Y,- ■ ■ = h ■ ■ 5 are SU(5) indices, i,j = 1,2,3 are generation indices, 

M* Y and Mxi are 10 and 5 matter fields and and H\x are 5 and 5 Higgs 
fields. Wgut contains additional Higgs fields which break SU(5) at Mq. H 2 
and Hi contain the pair of light Higgs doublets below Mq. The soft break- 
ing parameters then lead to 42 additional parameters for this model (25 new 
masses and mixing angles and 17 new phases), considerably fewer than the 105 
additional parameters of the MSSM. While this is still a formidable number, 
many are experimentally uninteresting (e.g. scaled by the small Yukawa cou- 
pling constants), and we will see in Sec. 4 that the remaining parameters are 
few enough (at least for the CP conserving sectors of the theory) to obtain 
interesting experimental predictions. 

3. Radiative Breaking and the Low Energy Theory 

In Sec.2, the SUGRA GUT model above the GUT scale i.e. at Q > M G 
was discussed. Below Mq the GUT group is spontaneously broken, and we will 
assume here that the SM group, SU(3) x SU(2) xU(l), holds for Q < M G H 
Contact with accelerator physics at low energy can then be achieved using the 
renormalization group equations (RGE) running from Mq to the electroweak 
scale Mz- As one proceeds downward from Mq, the coupling constants and 
masses evolve, and provided at least one soft breaking parameter and also 
the fi parameter at Mq is not zero, the large top quark Yukawa pan turn 
the H2 running (mass) 2 , m 2 H (Q), negative at the electroweak scale t3. Thus 
the spontaneous breaking of supersymmetry at Mq triggers the spontaneous 
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breaking of SU(2) xU(l) at the electroweak scale. In this fashion all the masses 
and coupling constants at the electroweak scale can be determined in terms 
of the fundamental parameters (Yukawa coupling constants and soft breaking 
parameters) at the GUT scale, and the theory can be subjected to experimental 
tests. 

The conditions for electroweak symmetry breaking arise from minimizing 
the effective potential V at the electroweak scale, with respect to the Higgs 
VEVs vx 2 = (H 12 ). This leads to the equations^ 
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, a\ - i4tan 2 P 1 2 . 2 -2Bu 
H = tt; — ; sin a — —— = „ (16) 



where tanj3 — V2/V1, B is the quadratic soft breaking parameter (V s ^ t = 
BfiHiH2), Hi — rrvjj + Si, and Sj are loop corrections c3. All parameters 
are running parameters at the electroweak scale which we take for convenience 
to be Q = Mz ■ Eq.(16) then determines the parameter and allows the 
elimination of B in terms of tan/3. This determination of /1 greatly enhances 
the predictive power of the model. 

We parameterize the Higgs soft breaking masses at Mq by 

m% 1 =m%(l + 6 1 ); m 2 H2 =m 2 (l + 8 2 ) (17) 
and the third generation of sfermion masses by 



in 



: l L = ml{l + S 3 ); m 2 UR =m^(l + <5 4 ); m\ R = m\(Y + 65) 



m d R = ml(l + 8 6 ); m\ L = mg(l + S 7 ); (18) 
where qi, — {ul, c?l), II — {vl, zl) etc. The 5i thus represent non-universal 
deviations from the reference mass mo- For GUT groups which contain an 
SU(5) subgroup (e.g. SU(N), N>5; SO(N), N>10, E 6 etc.) with matter em- 
bedded in the 10 and 5 representations, one has 

£3 = h = S 5 ; S 6 = S 7 (19) 
In the following we will choose mo to be the soft breaking mass of the 
first two generations (assumed universal to suppress FCNC effects u). We will 
also keep only the large top Yukawa coupling constant ht and its associated 
cubic soft SUSY breaking parameter A t (an approximation valid for ton/3 ~ 
20). This allows an analytic solution of the 1-loop RGE and^pables one to 
understand physically the predictions of the model. One finds Ell 



i e 



i 



22 t 2 



1 



So 1 



where C M = \D a (l 



<*i(Q) 

D ) (H 3 /F) 2 



(20) 



e — g/t 2 , t = tan(3, and Do = 1 



m 2 / (200sin/3) 2 . D vanishes at the t-quark Landau pole (for m t = 175 GeV, 
L>o < 0.23) and Ar = A t — mi/ 2 (H 2 — H 3 /F) is the residue at the Landau pole 
(A R = A t - 0.61{a 3 /a G )m 1/2 ), i.e. A = A R /Da_^ (H 3 /F)m 1/2 where A is 
the cubic soft SUSY breaking parameter at Mq c3. aa is the GUT coupling 
constant (qq ~ 1/24) and 



5 = Tr(Ym 2 ) = (m 2 



ng 

- m U+E«- 2 <+ m l- m l+<)( 21 ) 

i=l 



E. 



n„ is 



In Eq.(20), the form factors e.g. H 2 , H 3 , F are given in Ibahez et al 
the number of generations, and the (mass) 2 in Eq.(21) are all to be taken at 
Ma- We note that Sq vanishes for universal soft breaking masses, and reduces 



to So 



L H 2 



ijj for three generation GUT models obeying Eq.(19). (The 



coefficient (l-ai(Mz) / olq) / 22 = 0.0268 and so this term is generally small.) 

The renormalization group equations evolve the universal gaugino mass 
7774/2 a t Mg to separate masses for SU(3), SU(2) and U(l) at Mz- 

rhi = (a i (M z )/a G )m 1 / 2 ; i= 1,2,3 (22) 

where at 1-loop, the gluino mass m g — rh 3 @. The breaking of SU(2) x U(l) 
causes a mixing of the gaugino-higgsino states giving rise to two charginos xt > 
i=l,2 and four neutralinos Xi> i = 1* ■ • 4. In the — basis, the chargino 
mass matrix is 



777,2 \/2Mwsinf3 



Ml 



V2M w cos(3 



(23) 



and in the (W 3l B, H±, H 2 ) basis and the neutralino mass matrix is 
/ 777,2 o a b \ 



7/7 1 



o —fx 



\ b d —jj, 



(24) 



where a = Mzcos6<wcosf3, c = —tan8wa, b — —MzcosQw sin/3, d=-t&ii6wb 
and 9w is the weak mixing angle. In the domain where /j 2 /M z >> 1 one has 
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2m° 



Xl 

4 



Xl X2 

= = 

X4 X2 



^5 

/i >> m° x 



(25) 

i.e. the light states are mostly gauginos and the heavy states mostly higgsinos. 
The large top mass also causes L-R mixing in the stop mass matrix 
i? -m t (A t + uctnfl) 



M? = 



-mt(A t + [ictnfl) 



III 



tR 



where 



11)7 



sin 9w Micos2/3 



mjj + rn f H — sin 9wM z cos2(3 
3 



and 



m, 



1 + AA , 5 + Do 
—6~ l 

Al 



l-D, 



°(6 2 



-(1 - D )^ + C Q m{ j2 - -5 (1 - a 1 {Q)/a G ) 



D 



D 



I -Do 
6 



1 



4 2 



-(1 ~Do)-f + Cumi /2 + (2/33)5 (l - ai(Q)/a G ) 



3^ - U 'D 
The coefficients Cq , Cjj are given by 



Ctj = - 



-lD (l-D )(H 3 /F) 2 + e 
-lD (l-D )(H 3 /F) 2 + e 



TT f 3/3 + /2 — tjv/l 



4tt 



(26) 

(27) 
(28) 



(29) 

(30) 

(31) 
(32) 



the form factors fi being given in Ibafiez et al. 0. 

The simplest model is the one with universal soft breaking masses, i.e. 
<5i=0. This model depends on only the four SUSY parameters and one sign 



mo, mi/2, A Q , B a , sign(n) 



(33) 



Alternately one may choose mo , nig , At , tan/3 , and sign(/^) as the indepe 
dent parameters. This case has been extensively discussed in the literaturet 
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As can be seen above, however, the deviations from universality can signifi- 
cantly effect the values of /i 2 and the stop masses, and these parameters play a 
crucial role in predictions of the theory. Thus more recently, efforts to include 
non-universalities into calculations have been made, and some of these effects 
will be discussed in the context of dark matter in Sec. 4. 

4. Phenomenological Implications of Supergravity Models 

We shall discuss the implications of supergravity models mostly in the 
context of the parameter space of Eq.(33) although many of the results of 
the analysis are valid for a broader class of supergravity models which include 
non-universalities as discussed in Sees. 2 and 3. We shall analyse the effect of 
non-universalities discussed in Sec. 3 in some detail in the context of dark mat- 
ter detectors. There are many phenomenological implications of supergravity 
unified models. One of the important implications concerns the signatures of 
supersymmetry in collider experiments. Such signatures depend crucially on 
the stability of the lowest supersymmetric particle (LSP). A stable LSP can 
be achieved by the imposition of an R parity symmetry. This is an attractive 
possibility as it also provides a candidate for cold dark matter. In fact using 
the renormalization group analysis discussed earlier, one finds that over most 
of the parameter space of supergravity unified models the lightest neutralino is 
the LSPEj. In this circumstance the decay of the supersymmetric particles will 
have missing energy signals and at least one of the carriers of missing energy 
will be the neutralino. Signals of this type were studied early on after the 
advent xif supergravity models in the supersymmetric decays of the W and Z 
bosons Ej and such analyses have since been extended to the decays of all of 
the supersymmetric particles. Using these decay patterns one finds a variety 
of supersymmetric signals for SUSY particles at colliders where SUSY parti- 
cles are expected to be pair produced when sufficient energies in the center 
of mass system are achieved. One signaLpf special interest in the search for 
supersymmetry is the trileptonic signal E3. For example in pp collisions one 
can have pp — > X\ + X2 + X — ► (h^iXi) + (^2X1) + X which gives a signal of 
three leptons and missing energy. Using this signal a chargino of mass up ta 
230 GeV can be explored at the Tevatron with an integrated luminosity of a 

10/&- 1 . 

One of the most accurate probes of new physics beyond the Standard 
Model (SM) is provided by (g-2) for the muon and for the electrons. Currently 
the experimental value of a M = (g^/2-1) is a)f p = 11659230(84) x 10" 10 where 
as af eor y(SM) = 11659172(15.4) x 10~ 10 . Here aff eor v(SM) contains the 
O(oj 5 ) Q.E.D. contributions, 0(a 2 ) hadronic corrections and up to two loop 



10 



corrections from the SM electro-weak sector. Essentially all of the error in the 
theoretical computations comes from the hadronic contributions which give 
a h * dron {SM) = 687.0(15.4) x 1CT 10 while the contribution from the electro- 
weak sector has a very small error 0, i.e., a% w (SM) = 15.1(0.4) x 10 -10 . It 
is expected that the new experiment underway at Brookhavcn will reduce the 
experimental uncertainty by a factor of about 20. Further, a new analysis by 
Alemany et.al. til using the r data at LEP indicates a significant reduction 
in the hadronic error, i.e., a* adron (SM) = 701.4(9.4) x lO" 10 . The hadronic 
error is expected to reduce further perhaps by another factor of two when new 
data from VEPP-2M, DA$NE, and BEPC experiments comes in. Thus the 
improved determination of g^ — 2 in the Brookhaven experiment as well as the 
expected reduction in the hadronic error will allow one to test the electro- weak 
SM contribution. 

It was pointed out in ref. l3 that any experiment which tests the SM 
electro- weak contribution to — 2 can also test the supersymmetric contribu- 
tion. This conclusion is supportedJay the recent precision analyses of g^ — 2 
using the renormalization group E3c3. Thus the Brookhaven experiment is an 
important probe of supergravity grand unification. 

Flavor changing neutral current processes also provide an important con- 
straint on supergravity unified models. A process of great interest hereJs the 
decay b — > s + 7 which has been observed by the CLEO collaboration!! 1 ] with 
a branching ratio of BR(b -> s + 7) = (2.32+0.67) x 10~ 4 . In the SM this decay 
proceeds at theJpop level with the exchange of W and Z bosons and the most 
recent analysesc3 of the branching ratio including leading and most of the next 
to leading order QCD corrections yield BR(b -> s + 7) =(3.48±0.31) x 10~ 4 for 
m t = 176 GeV. In suoersymmetry there are additional diagrams which con- 
tribute to this processed. Thus in SUGRA unification one has contributions 
from the exchange of the charged Higgs, the charginos, the neutralinos and 
from the gluino. Interestingly one finds that while the contribution from the 
charged Higgs exchange is always positive^ 4 ] over much of the parameter space 
its effects are small since is heavy. The contribution from the exchange 
of the other SUSY particles can be either positive or negative with the contri- 
bution of the charginos being usually the dominant oneCJ. Thus supergravity 

9n_accomodate a value of the BR(6 — > s + 7) which is lower than the SM value 
C3. If the more accurate experimental determination of BR(6 — ► s + 7) con- 
tinues to show a trend with a value of BR(6 — * s + 7) lower than what the SM 
predicts, the results would provide a strong hint for a low lying chargino and 
a low lying third generation squark. The b — ► s + 7 experiment also imposes 
an important constraint on dark matter analyses and we discuss this below. 
As mentioned earlier one of the remarkable results of supergravity grand 
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unification with R parity invariance is the prediction that the lightest neu- 
tralino Xi 1S the LSP over most of the parameter space. In this part of the 
parameter space the Xi is a candidate for cold dark matter (CDM). We discuss 
now the relic density of xi within the framework of the Big Bang Cosmology. 
The quantity that is computed theoretically is Q Xl h 2 where Q Xl = Px\Ip^ 
p Xl is the neutralino relic density and p c is the critical relic density needed to 
close the universe, p c = 2>H 2 /8ttGn, and H = hlOOkm/ sMpc is the Hub- 
ble constant. The most conservative constraint on Q Xl h 2 is VL Xl h 2 < 1. A 
variety of more constraining possibilities have also been discussed in the liter- 
ature. One of the important elements in the computation of the relic density 
concerns the correct thermal averaging of the quantity (crv) where a is the 
neutralino annihilation cross section in the early universe and v is the relative 
neutralino velocity. Normally the thermal average is calculated by first making 
the approximation crv = a + bv 2 and then evaluating its thermal average e3. 
However, it is known that such an approximation breaks down in the vicinity 
of thresholds and poles C3. Precisely such a situation exists for the case of the 
annihilation of the neutralino through the Z and Higgs poles. An accurate 
analysis of the neutralino relic density in the presence of Z and Higgs poles 
was given in r p f. p 9 ! and similar analyses have also been carried out since by 
other authorsEJ'Ell. 



There are a number of possibilites for the detection of dark matter both 
direct and indirect E5Eil. We discuss here the direct method which involves the 
scattering of incident neutralino dark matter in the Milky Way from nuclei in 
terrestial targets. The event rates consist of two partsEJ: one involves an axial 
interaction and the other a scalar interaction. The axial (spin dependent) 
part Rsd falls off as Rsd ~ 1/Afiv for large Mn where Mn is the mass 
of the target nucleus, while the scalar (spin independent) part behaves as 
Rsi ~ Mjy and increases with Mn- Thus for heavy target nuclei the spin 
independent part Rsi dominates over most of the parameter space of the 
model. Analysis of event rates for the scattering of neutralinos off targets such 
as Ge and Xe indicates that the event ratea_jcan lie over a wide range, from 
0(1) event/kg d to O(10~ < - 5 ~ 6 - ) ) event/kg dcJ. Inclusion of non-uniyersalities 
is seen to produce definite signatures in the event rate analysis E3'o. Thus 
the minimum event rates in the region m Xl < 65 GeV can be enhanced (for 
the case Si = —1 = — S2) or reduced (for the case Si = 1 = —82) by a factor 
of 0(10-100) due to the presence of non-universalities Ell, while the effect of 
non-universalities is generally small for m Xl > 65 GeV. To illustrate how this 
comes about we see that from Eq.(20) the non- universality correction to p is 
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/i 2 influences detection event rates in that an increase (decrease) in /i 2 reduces 
(increases) Rsi- Thus for 6% = —1 = —82 one finds that A/j 2 is negative 
and tends to raise Rsi- In addition, this could drive \j? negative, eliminating 
such points from the parameter space of the theory. These effects are more 
significant for small tan/3 values and thus drive the minimum event rates higher 
in the region m Xl < 65 GeV. For 8\ = —1 = — 82 one has A/s 2 > and the 
effect here is opposite to that for the previous case. (Note also since D is 
small, 63 and 64 can cancel or enhance the effects of 81 and 82)- Further, it is 
found that the event rates fot-it < are much suppressed (by a factor w 100) 
compared to ±he case fx > c3. This feature persists in the presence of non- 
universalities l3. 

The detection sensitivity of current detectors is typically of order of a few 
events/kg dE3 which is as yet insufficent to probe a significant part of the 
parameter space of SUGRA models. One needs more sensitive detectors with 
sensitvities 2-3 orders of magnitude better to sample a significant part of the 
parameter space of SUGRA models. (See in this context ref. E3). 

As mentioned already the minimal supergravity grand unification gives 
a result J^.a^(Mz) which is about 2-3 std larger than the current world 
average EirEi However, because of the proximity of the GUT scale to the 
Planck scale one can expect corrections of size 0(Mq/Mpi) where Mpi is the 
Planck mass. For example, Planck scale corrections can modify the gauge 
kinetic energy function so that one has for the gauge kinetic energy term - 
(l/4)f a pFg v Fp^. For the minimal SU(5) theory, Eq.(3) can give terms f a p = 
Sa/3 + (c/2Mpi)d a /3 1 T,' r where £ is the the scalar field in the 24 plet of SU(5). 
After the spontaneous breaking of SU(5) and a re-diagonalization of the gauge 
kinetic energy function, one finds a splitting of the SU (3) x SU{2) X U(l) gauge 
coupling constants at the GUT scale. These splittings can easily generate the 2 
std correction to a s (Mz). In fact, using the LEP data one can put constraints 
on c. One finds thatlij— 1 < c < 3. The Planck scale correction also helps 
relax the stringent constraint on tan(3 imposed by b — r unification. Thus in 
the absence of Planck scale correction one has that b — r unification requires 
tan(3 to lie in two rather sharply defined corridors E3. One of these corresponds 
to a small value of tan/3, i.e., tan(3 ~ 2 and the second a large value tan(3 ~ 50. 
This stringent constraint is somewhat relaxed by the inclusion of Planck scale 
corrections lij. 

SUSY grand unified models contain many sources of proton instability. 
Thus in addition to the p decay occuring via the exchange of superheavy vector 
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lepto-quarks, one has the possibility of p dacay from dimension (dim) 4 (dim 
3 in the superpotential) and dim 5 (dim 4 in the superpotential) operatorsLJ. 
The lepto-quarks exchange would produce p — > e + 7r° as its dominant mode 
with an expected lifetime of - 1 x 10 35±1 [Af x /10 16 ] 4 y where for SU(5) 
Mx ^t-LpUx 10 16 while the sensitivity of Super Kamiokande (Super-K) to this 
model£j£3 is 1 x 10 34 . Thus the e + 7r° mode may be at the edge of being 
accessible at Super-K. Proton decay from dim 4 operators is much too rapid 
but is easily forbidden by the imposition of R parity invariance. The p decay 
from dim 5 operators is more involved. It depends on both the GUT physics as 
well as on the low energy physics such as the masses of the squarks and of the 
gauginos. Analysis in supergravity unified models 63 ~ 65 shows that one can 
make concrete predictions of the p decay modes within these models. Thus one 
can show that with the Higgs triplet mass Mh 3 < IOMg, the parameter space 
of minimal SU(5) SUGRA adll come close, to being exhausted for mo < ITeV 
and rrig < ITeV.ii Super-KE3 and IcarusE3 reach the sensitivity for vK + mode 
of 2xl0 34 yBEa 

Precision determination of soft SUSY breaking parameters can be utilized 
as a vehicle for the test of the predictions of supergravity grand unification. 
It was recently proposed that precision measurement of the soft breaking ua- 
rameters can also act as a test of physics at the post GUT and string scalesEH. 
Thus, for example, if one has a concrete model of the soft breaking parameters 
at the string scale then these parameters can be evolved down to the grand 
unification scale leading to a predicted set of non-universalities there. If the 
SUSY particle spectra and their interactions are known with precision at the 
electro- weak scale, then this data can be utilized to test a specific model at the 
post GUT or string scales. Future colliders such as the LHC E3 and the NLC 
Ej will allow one to make mass measurements with significant accuracy. Thus 
accuracies of up to a few percent in the mass measurements will be possible 
at these colliders allowing a test of post GUT and string physics up to an 
accuracy of ~ 10% O. 

5. Conclusion 

Supergravity grand unification provides a framework for the supersymmet- 
ric unification of the electro-weak and the strong interactions where supersym- 
metry is broken spontaneously by a super Higgs effect in the hidden sector and 
the breaking communicated to the visible sector via gravitational interactions. 
The minimal version of the model based on a generation independent Kahler 
potential contains only four additional arbitrary parameters and one sign in 
terms of which all the SUSY mass spectrum and all the SUSY interaction 
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structure is determined. This model is thus very predictive. A brief summary 
of the predictions and the phcnomcnological implications of the model was 
given. Many of the predictions of the model can be tested at current collider 
energies and at energies that would be achievable at future colliders. Other 
predictions of the model can be tested in non-accelerator experiments such as 
at Super Kamiokande and at Icarus, and by dark matter detectors. We also 
discussed here extensions of the minimal supergravity model to include non- 
unversalities in the soft SUSY breaking parameters. Some of the implications 
of these non-universalities on predictions of the model were discussed. Future 
experiments should be able to see if the predictions of supergravity unification 
are indeed verified in nature. 
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